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Summary

The interaction between the T-cell receptor (TCR) and its peptide—major
histocompatibility complex (pepMHC) ligand plays a critical role in deter-
mining the activity and specificity of the T cell. The binding properties
associated with these interactions have now been studied in many sys-
tems, providing a framework for a mechanistic understanding of the ini-
tial events that govern T-cell function. There have been various other
reviews that have described the structural and biochemical features of
TCR : pepMHC interactions. Here we provide an overview of four areas
that directly impact our understanding of T-cell function, as viewed from
the perspective of the TCR : pepMHC interaction: (1) relationships
between T-cell activity and TCR : pepMHC binding parameters, (2) TCR
affinity, avidity and clustering, (3) influence of coreceptors on pepMHC
binding by TCRs and T-cell activity, and (4) impact of TCR binding affin-
ity on antigenic peptide specificity.
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Introduction

Studies of the interactions between antibodies and anti-
gens, which have been studied for decades, have been
made easier by virtue of the fact that antibodies are
expressed as secreted molecules at relatively high concen-
trations. The antigen-specific molecule on T cells, the
T-cell receptor (TCR), has been considerably more diffi-
cult to express in soluble form, making the analogous
studies more difficult.' Nevertheless, various strategies
have been used to measure the intrinsic binding proper-
ties of TCRs for their antigens, complexes of peptides and
a product of the major histocompatibility complex
(MHC). Early studies revealed that TCRs have relatively
low affinities for their peptide-MHC (pepMHC) ligands,
similar to the affinities found for antibodies from primary
responses. This feature has also made studies of
TCR : pepMHC binding properties more difficult (i.e.
higher concentrations of soluble TCR are required to
measure lower affinity interactions). Another property of
T-cell function that distinguishes the system from anti-
bodies is the fact that in their normal context, TCRs are
expressed as multichain membrane protein complexes on

cells that express other proteins (namely, coreceptors CD4
and CD8) that are also intimately involved in the initial
recognition process. Despite these complexities, the
impact of TCR : pepMHC binding properties on T-cell
activity and specificity has been revealed by the work of
many laboratories, using various approaches. Here we
review these findings, and describe some of the questions
that remain to be addressed.

Relationships between T-cell activity and
TCR : pepMHC binding parameters

In its simplest, reversible form, the interaction of TCR
and pepMHC can be described by the reaction:
Kon
TCR + pepMHC k:‘ TCR:pepMHC
off

involving an association rate (k,,) and a dissociation rate
(kofr). The half-life of the interaction (t,,,) is derived from
the dissociation rate**. At equilibrium, a binding constant
(Kp = 1/K,) can be determined for the interaction using

**Half-life (t1/,) = In 2/kog
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standard Scatchard approaches (or the kinetic para-
meters, Kb = kotilkon), Kp = [TCR][pepMHC]/
[TCR : pepMHC].

In a typical SPR experiment, with immobilized pep-
MHC, when the concentration of unbound pepMHC
equals the concentration of bound pepMHC (i.e. half
maximal resonance units in an SPR titration with increas-
ing TCR), the Kp is equal to the concentration of free,
unbound TCR.*

Using primarily, but not exclusively, SPR-based
approaches, wild-type TCR affinities (Kp values) have
been shown to be in the range of 1-100 pm,> character-
ized by slow association rates and intermediate dissocia-
tion rates (Table 1). There has been considerable debate
as to which parameter of the TCR : pepMHC interaction,
Kp or half-life, determines the activation status of the T
cell. The issue is important because there are fundamental
signalling models (see below) that are predicated on
which parameter is important. This question has been
especially difficult to address because in most cases, the
Kp value is proportional to the fy/,. In addition, agonists
that span the range of affinities and #,,, values have been
reported (Table 1 and Fig. 1a), complicating further any
simple correlation between activity and these parameters.

The critical nature of the dissociation rate was an
inherent feature of the kinetic proofreading and discrimi-
nation models first suggested over a decade ago. Those
interactions with sufficiently long dissociation rates would
allow for completion of intracellular signalling cascades
that result in T-cell activation.'”*® A hierarchy of early
T-cell signalling events, including the phosphorylation
state of the CD3 subunits and intracellular calcium
release, have been associated with a range of defined ago-
nist, antagonist and null ligands.?>*' Many of these stud-
ies have concluded that the occupancy of the TCR, as
correlated with the dissociation rate, determined the mag-
nitude of the T-cell response. However, one study using
the class I restricted OT-1 TCR suggested that these
kinetic models may be oversimplified, as they observed
that high-occupancy ligands (slow dissociation) initiated
different T-cell activation kinetics (e.g. see ty, ‘outlier’
that is a weak agonist, blue triangle in Fig. la).”

Another observation consistent with the possible
importance of dissociation rates involves the serial trig-

"It is worth noting that for many low-affinity interactions, it can
be difficult to measure kinetic parameters with confidence because
the high protein concentrations required [e.g. for surface plasmon
resonance (SPR)] can lead to a higher background signal. Therefore,
in Kp ranges of > 10 uMm it becomes increasingly difficult to deter-
mine reliable association and dissociation rates.

In these experiments, it is assumed that the total TCR concentra-
tion is approximately equal to the free, unbound TCR, a valid
assumption given the typically high concentrations of TCR relative
to the amount of immobilized pepMHC.

gering hypothesis, in which a single pepMHC can bind to
and trigger up to 200 individual TCRs.** A tenet of this
hypothesis is that not only did the interaction need to be
sufficiently long to complete proximal signalling, but the
dissociation rates needed to be sufficiently short to allow
multiple TCRs the opportunity to bind to the same pep-
MHC. This led to the prediction that there should be an
‘optimal dwell time’ between the TCR and pepMHC,
where a Gaussian distribution around ¢/, values explains
T-cell activation; those complexes with too rapid, or too
prolonged, dissociation rates would lie outside the opti-
mal range, resulting in reduced activity.”>** Studies by
Kalergis et al. using a wild-type TCR provided evidence
in favour of the model,”>** but they relied on binding
measurements with pepMHC tetramers (see below),
rather than monomeric measurements assessed by SPR.
Accordingly, it is not possible to compare their binding
parameters relative to other systems shown in Table 1.

Other results appear to be inconsistent with the notion
of an ‘optimal dwell time’. For example, TCRs have been
engineered to have dissociation rates that are 100-fold to
1000-fold slower than wild-type TCRs, yet T cells trans-
duced with these TCRs were fully able to be activated.”>
Table 2 shows a list of the binding parameters of these
TCRs, which include mouse TCR mutants directed against
the class I complexes SIY/K® and QL9/Ld, mouse TCR
mutants directed against the class II complex Hb/I-EX,
and human TCR mutants against the class I complexes
NY-ESO-1/HLA-A2 and Tax/HLA-A2. The affinities of
these high-affinity TCR : pepMHC interactions ranged
from 30 nM to 26 pm, and the ¢y, values were as long as
425 min, yet they have shown strong agonist activity
(Fig. 1b).

What about the role of affinity versus t,,, values (i.e. put
another way, do on-rates impact T-cell activity)? Several
TCR : pepMHC interactions with known Kp and t,,
parameters (Table 1; TCRs OT-1, LC13 and P14) have pro-
vided evidence that on-rates influence activity (i.e. Kp is
important). As indicated above, in the OT-1 TCR system, a
variant of the OVA peptide (G4) has a long #;,,, but its
slower on-rate appears to be associated with the weak ago-
nist activity of OVA(G4)/K® (e.g. blue triangle in Fig. la).”
In another study, the LC13 TCR had affinities of 12-5 and
132 um for two pepMHC ligands, a difference that was
almost exclusively the result of on-rates.'” These ligands
showed agonist activity in the case of the 12-5 pm inter-
action, and antagonist activity in the case of the 132 um
interaction, suggesting that the on-rate accounted for the
difference in activities. More recently, activity mediated by
the P14 TCR against gp33 peptide variants has also been
shown to be influenced by the on-rate of the reaction.”® A
caveat of these studies is that different peptides were used
such that it is formally possible that T-cell activity could be
influenced by MHC binding, not only TCR binding. In
addition, in the latter studies, the dissociation kinetics were
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Table 1. Binding measurements for wild-type T-cell receptors

T-cell receptor binding properties

TCR Peptide/MHC kon (per M second) kofr (per second) t1> (seconds) Kp (um) Activity References
CT26 AH1(A5)/1¢ 58 000 0-11 63 19 Agonist 3
P14 gp33/DP 400 000 0-975 0.7 2.4 Agonist 4
2C p2Ca/L! 8300 0-027 25.7 3.3 Agonist 5
2C QLo/L¢ 6350 0-025 268 3.9 Agonist 5
CT26 AH1/L¢ 61 000 0-35 2:0 5.7 Agonist 3
OT-1 OVA/K® 3720 0-022 315 5.9 Agonist 6
OT-1 OVA(G4)/K" 900 0-009 77 10 Weak agonist 7
CT26 AH1(A7)/1¢ 16 000 0-28 2-4 18 Weak agonist 3
2C SIY/K® 22 000 0-464 1-5 27-4 Agonist 8
AHIII 12.2 p1058/D" 6610 0-538 12 81-4 Weak agonist ?
2C dEV8/K® 2200 0-185 3.7 84-1 Antagonist >
B7 Tax/HLA-A2 96 000 0-13 52 12 Agonist 10
A6 Tax/HLA-A2 49 000 0-11 61 19 Agonist 10
G10 HIV,, SLY/HLA-A2 330 000 0-06 11-2 2:2 Agonist "
GRB Flu/HLA-B27 39 000 0-09 7-4 3 12
JM22 Flu/HLA-A2 31 000 016 42 52 12
G10 HIV,, SLE/HLA-A2 340 000 0-16 4:2 52 Agonist "
CMV pp65/HLA-A2 70 000 0-44 15 63 1
gpl100 gp100/HLA-A2 31 000 0-23 2:9 7 12
AHIII 122 pl049/HLA-A2 26 200 0-295 2:3 11-3 Agonist o
LC13 FLR(A)/HLA-B8 35 800 0-42 17 125 Agonist 1
AM3 EBV/HLA-A24 7300 0-21 3.2 28 12
1G4 NY-ESO-1/HLA-A2 40 000 0-128 6-4 32 Agonist 16
TEL tel/ HLA-A2 3500 0-14 48 40 12
LC13 FLR(F)/HLA-B8 2620 035 20 132 Antagonist 1>
172.10 MBP1-11[4Y]/I-A" 37 200 0-219 3.1 5.9 Agonist 7
3.L2 Hb/I-E* 5557 0-06 10-8 12 Agonist 18
1934.4 MBP1-11[4Y]/I-A" 5130 016 42 31 Weak agonist 7
2B4 MCC/I-EX 633 0-057 11-7 90 Agonist 2
MAW 13 M-HSP/HLA-DR3 4000 0-12 5.6 30 12
AH1.23 C-HSP/HLA-DR4 4400 016 42 36 12
1A12 MBP/HLA-DR2 2100 0-17 3.9 81 12
2E11 MBP/HLA-DR2 5900 0-73 0-9 123 12

Kp, equilibrium binding constant; k,,, association rate; kg dissociation rate; MHC, major histocompatibility complex; f,,,, half-life of the

interaction; TCR, T-cell receptor.
Measurements performed at 25°.

relatively fast (¢, = 0-3-2 seconds), in a range that is diffi-
cult to measure using SPR methodology.

While there appear to be several convincing cases where
quite fast dissociation rates can still yield strong agonist
activity (in apparent contradiction to dissociation rate
models), there remain unanswered questions. Experimen-
tally, it would be most decisive if one could identify addi-
tional TCR : pepMHC interactions with long dissociation
rates (f;,, > 50 seconds) but very slow on-rates, such that
the affinities were at the low end of the range (e.g.
> 100 pum). The dissociation rate model would predict
that T cells expressing these TCRs would be fully active
(e.g. see X in Fig. la). Another caveat of TCR studies is
that most binding measurements have been made at 25°,
whereas activity is measured at 37°. Kinetic constants at
37° are very difficult to measure because rates are gener-
ally faster and so become even less precise. Development

of improved techniques, such as stop-flow fluorescence-
based approaches, for kinetic measurements in the milli-
second to second range would be useful. Finally, there is
some evidence that TCR conformational plasticity, as
measured by thermodynamic properties of TCR : pep-
MHC interactions including entropic binding penalties'”
or heat capacity,”’ influences T-cell activity (reviewed in
ref. 32). It remains to be seen whether such effects will
further complicate the efforts to dissect the importance of
various binding parameters.

TCR affinity, avidity and clustering

Although much speculation revolves around the specific
binding parameters which delineate a productive
TCR : pepMHC interaction from a non-productive or
antagonist interaction, for most T cells the binding
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Figure 1. Relationships among T-cell activity, T-cell receptor (TCR)
equilibrium binding constants, and TCR dissociation kinetics.
(a) Equilibrium binding constants K, (affinity) and half-life (t;,,)
measurements for wild-type TCRs were plotted using published
values shown in Table 1. Theoretical receptor (X) represents the
binding parameters of a TCR that, if available, would provide
additional insight into the mechanisms of T-cell activation as
described in the text. (b) Equilibrium binding constants Kp, (affinity)
and half-life (#;,,) measurements for TCRs engineered for high
affinity, from published values shown in Table 2, were added to the
data in (a). The type of T-cell activity (agonist, weak agonist, antago-

nist) mediated by each TCR is indicated by the symbols.

parameters of the TCR are unknown. TCR binding has
often been estimated using soluble pepMHC tetramers.
MHC tetramer technology was introduced in 1996, and
refers to biotinylated pepMHC complexes linked to strepta-
vidin, which has four biotin binding sites. Multivalency of
the pepMHC complexes allows binding to be detected
through avidity, even though monovalent affinity may be
inadequate to allow detectable binding by current meth-
0ds.>** Fluorescent labelling of streptavidin allows easy
monitoring of MHC tetramer-bound T-cell populations
by flow cytometry. These oligomeric class I or class II
pepMHC complexes have been used for identifying, track-
ing, isolating and characterizing antigen-specific CD8"
and CD4" T-cell populations (reviewed in refs 36,37).

In addition to their qualitative uses for detection of
TCR binding, MHC tetramers have been used as a proxy

for defined affinity measurements, using tetramer staining
titrations, cell surface-bound tetramer off-rates, and, occa-
sionally, tetramer binding to TCRs in surface plasmon
resonance.”**>*®*  One should not confuse results
obtained through these assays with actual monomeric
TCR affinities or kinetic rates, as many other factors
influence these measurements. To illustrate the impact of
several factors, Fig. 2 shows simulated effects of different
variables on MHC tetramer binding to (Fig. 2a—c) and
dissociation from (Fig. 2d—f) the surface of a T cell, using
a simplified multivalent binding model that has been used
previously to describe streptavidin oligomer binding to T
cells.*>*! Variations of this model have been applied to
T-cell binding and triggering.*'~**%

Simulated effects of binding parameters, as well as
overall receptor levels, are shown, using approximate val-
ues for the CD8-dependent clone 2C TCR binding to
SIY/K® in each case. Equilibrium tetramer staining is
reduced by a slower monomeric on-rate (Fig. 2a), a faster
monomeric off-rate (Fig. 2b), or reduced TCR surface
levels (as might be seen after T-cell stimulation or in
TCR transduction approaches, Fig. 2¢). Similarly, tetra-
mer dissociation rates from the surface of T cells are
slowed most dramatically by slower monomeric off-rates
(Fig. 2e), but are also significantly impacted by increased
on-rates (Fig. 2d) or higher TCR levels (Fig. 2f). The vari-
ability follows predictable trends for each individual
parameter, but variations in multiple parameters between
different TCR : pepMHC pairs would make correlations
between the tetramer-staining properties and monomer-
binding properties difficult and imprecise.

Further complications in analysing quantitative tetra-
mer binding data arise from the non-standard distribu-
tion of oligomeric states in fluorescent MHC tetramer
preparations, the effects of TCR density and T-cell activa-
tion state,"” and the potential interactions of MHC tetra-
mers with coreceptors CD4 or CD8.** More recently, the
term ‘functional avidity’ has been used to describe tetra-
mer-based binding results, which combines these consid-
erations into a single term. While the multimeric
measurements do little to deconvolute the questions sur-
rounding the relevant TCR binding parameters required
to trigger T-cell activation, they have nevertheless led to
important insights. For example, Palmer and colleagues
showed that a sharp threshold of Kp = 55-90 nm
(Kpytet ~ 576 nM,  t1/51e¢ < 12 seconds, measured with
minimized contribution from CD8 binding) reliably
delineates positive and negative thymic selection in CD8
T cells.”®* In addition, Savage et al.*’ showed an increase

SThe model assumes a maximum bound valency of three due to
geometrical constraints, despite a total reagent valency of four. The
version of the model applied here does not include the possible
effects of MHC coreceptor, nor does it assume any binding/cross-
linking co-operation beyond an increase in local concentration.
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Table 2. Binding measurements for engineered, high-affinity T-cell receptors

T-cell receptor binding properties

TCR Peptide/MHC kon (per M per second) kotr (per second) t1» (seconds) Kp (nm) Activity References
2Cm6 QLy/L? 42 000 0-0004 1650 10 Agonist  **
2Cmé67 SIY/K® 277 000 0-0044 158 16 Agonist  *°
2Cm33 SIY/K® 235 000 0-0066 105 28 Agonist  *°
2Cm13 QLy/L? 357 000 0-04 21 154 Agonist  ®
1G4(c58/c61)  NY-ESO-1/HLA-A2 570 000 0-000027 26 000 0-026 Agonist  '°
A6(c134) Tax/HLA-A2 80 000 0-0002 3120 25 Agonist  *°
1G4(c5/c100)  NY-ESO-1/HLA-A2 39 000 0-000197 5880 5 Agonist 16
1G4(c10/c1) NY-ESO-1/HLA-A2 16 500 0-00138 720 84 Agonist  '°
1G4(c12/c2) NY-ESO-1/HLA-A2 9000 0-004 240 450 Agonist 16
3.L2 m15 Hb/I-E* 281 000 0-0068 104 25 Agonist %7

Kp, binding constant; k,,, association rate; kg, dissociation rate; MHC, major histocompatibility complex; t1/,, half-life of the interaction; TCR,

T-cell receptor.
Measurements performed at 25°.

in overall functional avidity between polyclonal T cells in
a secondary versus a primary antigen response. The use
of MHC tetramers to compare the functional avidity of T
cells with different activities therefore has significant
potential.

While the ability of multivalent pepMHC multimers to
bind to cell surface TCRs is only indirectly related to the
activation potential of a T cell, many studies have shown
that multivalent clustering of TCRs is necessary for T-cell
signalling.”®>"  Although T cells are not thought to
undergo affinity maturation in their antigen receptors, at
least to the same extent as antibodies, evidence has sug-
gested that T-cell populations can exhibit increased sensi-
tivity to antigen via avidity-based mechanisms. Naive
versus effector or memory cells with the same TCR exhi-
bit different abilities to bind soluble MHC reagents and
to respond to antigen.*>*>”* It has been determined that
the TCR assembles with a single off hetrodimer per sig-
nalling complex, giving an overall stoichiometry of afide
v6{(.3> However, the state(s) of the TCR on the surface of
T cells has been difficult to determine experimentally, and
models including multiple binding pairs per assembled
signalling complex have been proposed.”*>® Schamel
et al.”® argue that monovalent TCR complexes coexist
with multivalent, cholesterol-dependent TCR complexes
that are preferentially triggered at low antigen concentra-
tion. They estimate that the preformed, static TCRs form
clusters that contain approximately 2 to > 20 TCR-uff
pairs per group; these may be precursors to early activa-
tion-linked TCR structures called microclusters (approxi-
mately 50 complexes or more).””

In addition to static clustering, T cells may regulate
sensitivity by altering the mobility of cell surface receptors
in the membrane. Glycosylation differences corresponding
to differences in T-cell activation state have been identi-
fied, and reduction of glycosylation through pretreatment
%61 or inhibition of intra-
6263 Jeads to increased

of cells with neuraminidase
cellular glycosylation enzymes

receptor clustering, hypersensitivity and even some loss of
specificity. Upon antigen recognition, T cells have been
shown to cluster their TCRs and other adhesion and co-
stimulatory molecules into an immunological synapse,
which increases the local concentration of TCRs and pep-
MHC for binding.**®> Although the function of the
immunological synapse has been controversial,’® and does
not seem to be required for signalling to occur,””®® it
may function to ‘tune’ the immune response; amplifying
responses to weak stimuli, and down-modulating
responses to very strong stimuli.®*”"!

Interestingly, while T-cell activation requires a minimal
binding threshold and TCR clustering, attempts to quan-
tify the number of agonist peptide complexes on an anti-
gen-presenting cell required to elicit a T-cell response have
found that the number is vanishingly small — as low as a
single agonist for a response to be recorded, and numbers
in the order of 3-25 complexes to induce full effector
responses.®®’>”> These findings prompted studies of the
contribution of endogenous, or non-agonist pepMHC
complexes in T-cell recognition.”* Despite having unmea-
surable binding affinities for the relevant TCR, large num-
bers of endogenous pepMHC complexes have been found
in mature immunological synapses,”*> and addition of
some null complexes amplifies a response to agonist com-
plexes alone.”* Recent studies with CD4 T cells have
shown that TCR triggering can be induced by selected
pairs of soluble ‘heterodimers’ consisting of a single ago-
nist pepMHC complex covalently linked to a weaker bind-
ing complex,”” indicating that in a system where avidity is
crucial, even very low affinity interactions play an impor-
tant role in supporting activation.

Influence of coreceptors on pepMHC binding by
TCRs and T-cell activity

MHC ligands can be engaged not only by the TCR, but
also by the coreceptor CD4 (class I MHC) or CD8 (class
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I MHC). These additional binding interactions further
complicate the measurement of TCR affinity on the sur-
face of T cells. The two coreceptors have some similarities
but also seemingly different roles and effects on binding
and activation.

The CD4 coreceptor binds to class I MHC with a weak
Kp (150-200 pm) and rapid kinetics. Intracellularly, CD4
associates with the p56'“ kinase, which is important in
T-cell triggering. CD4 seems to have little influence on
MHC tetramer binding, and clusters with kinetics differ-
ent from CD3{ during activation.®” In one system, inhibi-
tion of CD4 binding raised the minimum number of
agonist pepMHC complexes required for activation from
between 1 and 10 up to ~ 25; however, activation
appeared to be identical beyond this threshold.”> A struc-
ture of human CD4 bound to a murine class II MHC
revealed that the binding site of CD4 lies on the relatively
invariant 02—f2 domain of MHC II, and that CD4 pro-
trudes at a significant angle.”® The angle has led many to
doubt that the CD4 bound to a given pepMHC would be
in a position to interact with a TCR bound to the same

pepMHC. The ‘pseudodimer’ model of CD4 involve-
ment’>”> proposes that CD4 associates with a TCR that is
bound to an agonist pepMHC, positioning p56'* to effi-
ciently phosphorylate adjacent TCRs that are bound to
either agonist or endogenous pepMHC (reviewed in refs.
77,78). This suggests that CD4 contributes to T-cell rec-
ognition by enhancing TCR cross-linking and increasing
the local concentration of p56', rather than by contrib-
uting direct binding energy to the interaction of TCR
with MHC.

CD8 exists on the T-cell surface as either oo homo-
dimers or off heterodimers. The binding affinity of ow
and off dimers to MHC I has been measured to be in the
range of 10-200 pM, with differences that are in part the
result of the allele of the class I MHC.””® Like CD4,
CD8 binds with rapid kinetics including a kg of ~ 18/
second.®* Unlike CD4, however, CD8 seems to be capable
of enhancing the on-rate and off-rate of tetramer bind-
ing,**> and many T-cell clones require the full participa-
tion of CD8 for MHC tetramer staining or activation
(reviewed in ref. 83). A mutation in the MHC heavy
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chain that interferes with CD8 binding (D227KO%86-88) op
the presence of a CD8-blocking antibody® impairs MHC
binding and recognition by the T cell. The TCRs with
low binding affinities, as seen with most wild-type
responses, require CD8 for activity and are referred to as
CD8-dependent.

Some CD8-independent TCRs have been identified
through allogeneic or xenogeneic stimulation®”**! or TCR
engineering.'®”® These receptors have significantly higher
affinities than CD8-dependent TCRs (4 pum—26 pM) but
the precise binding threshold that makes a TCR CD8-inde-
pendent is not yet defined. Laugel et al.*® described CDS8-
independent MHC-binding or T-cell activation with TCRs
having Kp, values of 35 or 200 pm, respectively. In contrast,
a lower Kp, threshold for CD8-independence of approxi-
mately 3 pm has been proposed based on the 2C T-cell
system.”” The often studied TCR OT-1 is CD8-dependent
and has a Kp, value of ~ 6 pwm for OVA/K® ®¥2). It remains
to be seen how CD8 synergizes with the TCR to achieve
enhanced pepMHC binding, and whether the magnitude
of the enhanced binding depends on the properties of the
TCR. Unlike pepMHC class II ligands, it has been
proposed that self pepMHC class I ligands do not operate
to enhance T-cell signalling through interactions with the
TCR, but operate exclusively through the participation of
CDs8.”

Impact of TCR binding affinity on antigenic
peptide specificity

The T-cell antigenic (peptide) specificity is influenced by
peptide binding to the MHC product and/or by peptide
binding to the TCR (as a pepMHC complex). In the case
of binding to the MHC, specificity is perceived as a loss
of T-cell activity when the peptide binding to MHC is
reduced. For example, if a viral peptide were mutated at
an MHC anchor residue and was no longer efficiently
presented, a peptide-specific T cell may lose the ability to
recognize the virus-infected cell. In this case, the T cell
appears to be highly specific for the wild-type peptide at
this amino acid position, but the T-cell ‘specificity’ is in a
sense indirect, because it is a consequence of the concen-
tration (density) of the cell surface pepMHC ligand (i.e.
the affinity of the peptide for the MHC product deter-
mines the cell surface density of the pepMHC complex,
and a minimum pepMHC density is necessary for the T
cell to be stimulated).

Here we focus on the case of peptide specificity influ-
enced by binding of the pepMHC complex to the TCR
(reviewed in ref. 94). As described above, the outcome of
this interaction (i.e. T-cell activation) is determined by a
minimum threshold of TCR binding (Kp or tj;;) that
must be achieved to activate the T cell. Changes in the
peptide sequence that lower the TCR binding affinity
could potentially yield an interaction energy that is below
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this threshold.”> For example, if we presume that the
minimum affinity necessary for CD8" T-cell activation is
500 pw, then any changes in peptide residues that lower
the affinity below a Kp value of 500 um will in essence
generate an inactive peptide variant (null peptide) or
possibly an antagonist (see below).

In this context, T cells that bear TCRs with low affinity
may appear to be more specific than higher affinity TCRs
because very minor changes in the peptide could reduce
the binding energy, and consequently the affinity, result-
ing in a loss of T-cell activity (Fig. 3a). In contrast, higher
affinity TCRs would ‘tolerate’ more significant changes in
peptide structure yet remain above the activation thresh-
old (Fig. 3b). In these cases, the T cell would be activated
by a greater array of peptide variants, and would appear
to have reduced peptide specificity. By analogy with anti-
body : antigen interactions, we refer to the reactions with
structurally related antigenic peptides as the ‘fine specific-
ity’ (Fig. 3c¢).

Observations about the role of TCR affinity in the fine
specificity of T cells have now been made with in vitro-
engineered TCRs that have affinities in the nanomolar
range.'®*”2*% The basis of this affect is illustrated most
simply by a diagram that compares the effects of the
wild-type 2C TCR affinity (Fig. 3a) and a high-affinity
TCR mutant called 2C-m33 (Fig 3b). Change of a single
amino acid residue on the peptide could reduce the bind-
ing affinity of either the low or high receptor by 10-fold,
if the same atomic interactions operate at that region of
the TCR : peptide interface. However, in the case of the
TCR with low affinity, the peptide variant now has an
affinity that is below the activity threshold (e.g. 500 pm).
In contrast, a reduction in affinity of 10-fold for the
high-affinity TCR still yields a TCR : pepMHC interaction
that is above the threshold and the variant is active.

One advantage of evolving a T-cell immune system
with TCRs that have a relatively low affinity threshold is
to maintain a high degree of peptide specificity. This fea-
ture of the system may however have sacrificed the ability
of T cells to recognize and eliminate peptide variants, as
might arise from virus mutation. The apparent increase
in the overall avidity of T cells after immunization may
provide the system with an enhanced ability to recognize
such variants.”””” However, the equilibrium binding
affinities of TCRs that are associated with these ‘avidity
matured’ T cells have not been directly compared to the
affinities associated with T cells from primary responses.
In this respect, it is interesting that measurements of the
best-studied T-cell clones may actually be such avidity-
matured clones because generally these were derived after
multiple immunizations with immunogen. Accordingly,
the TCR affinities of T cells from primary responses may
actually be quite low (e.g. in the 100 puM range).

Another aspect of peptide specificity that directly
impacts T-cell function is the role of the multiple self
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(endogenous) peptides that are expressed by an individ-
ual. If the endogenous peptides have structures that are
related to the foreign agonist peptide, then the peptide(s)
may act not only in the process of positive selection, but
also in the process of homeostatic proliferation and in
enhancing the signalling that leads to full T-cell activa-
tion. Self peptides that are structurally homologous to a
microbial foreign peptide may also be involved in auto-
immune reactions, as has been suggested in various
systems.”® There is in general very little known about the
binding affinities of TCRs for this collection of self-pep-
tide/MHC ligands, including what might be the minimal
affinity necessary to achieve T-cell signalling that drives
homeostatic proliferation.”

An intriguing feature of TCR-mediated binding
involves the complexity of outcomes that can result from
interactions that do not lead to full activity. For example,
TCR binding to self peptide/MHC ligands could either
enhance or antagonize signalling mediated by binding of
the same TCR to agonist pepMHC ligands. Accordingly,
self pepMHC : TCR interactions could amplify T-cell
activity through coreceptor involvement, or could inhibit
activity if partial ‘antagonist’ signals are initiated through
such interactions. This has the important consequence
that peptide variants, for example from viruses or poten-
tial tumour antigens, may not only escape recognition

@ Wild-type TCR (2C)

that leads to a productive T-cell reaction, but may also
antagonize T-cell reactions. That is, binding of the
mutated pepMHC through the TCR may actually lead to
an inhibitory signal that operates through an antagonist
reaction.

Finally, it is now clear that some TCRs cross-react
with peptides and/or MHC molecules that are not struc-
turally similar.’”'% The 2C TCR is such an example, as
it has specificity for both the SIY/K" ligand and an allo-
antigen called QLY/L®. These cross-reactions may be the
result of the structural plasticity of TCRs; it has now
been shown that the 2C TCR docks onto L? in a quite
different mode from that with which it docks onto the
SIY/K® ligand, and it uses largely different chemistries to
achieve binding.'”> A conformer model, analogous to
antibody reactions with diverse antigens,'* suggests that
distinct conformations of the same TCR could bind to
structurally distinct ligands.'*>'% Nevertheless, the affin-
ity and specificity rules hold for each distinct TCR : pep-
MHC interaction, whether the pepMHC are structurally
related or not.

Conclusion

The binding properties of TCRs for their pepMHC
ligands are critically important in the function of T cells,

(b) _ High affinity TCR (2Cm33)

0-01
__ 01
= Optimal
é 1 activity i
= plateau
g CD4/CD8
10 requirement —w
SIY threshold
JEygE— Agonist threshold I qﬂa
100 _— ; —
[— —_— l Antagonist threshold |’"= —
Null peptides Null peptides

() Spectrum of peptide similarity to wild type:

pifferent T Similar

> —

Antigen specificity Fine
specificity

Figure 3. Relationships among T-cell receptor (TCR) equilibrium binding constants, peptide specificity, and T-cell activity thresholds. For a given
TCR, a variety of peptide ligands will have different stimulatory effects, depending on their binding affinity. The concept is highlighted using the
2C TCR system as a model. (a) Wild-type 2C is activated by a group of structurally similar peptides (of which SIY is the strong agonist) bound
to K® within a narrow affinity range, but only in the presence of the CD8 coreceptor. Those peptide—major histocompatibility complex
(pepMHC) complexes that bind more weakly, such as dEV8/K®, elicit antagonist signals. Complexes with even lower affinity are not stimulatory;
they may give weak survival signals or be completely inactive (null). (b) By contrast, the high-affinity TCR 2Cm33 can be activated by agonist
pepMHCs such as SIY/K” without the CD8 coreceptor, and can be fully activated by the peptide dEV8 in the presence of CD8. This increase in
affinity allows 2Cm33 to be stimulated by peptides with greater degrees of dissimilarity from wild-type, resulting in an apparent reduced ‘fine
specificity’ by 2Cm33. (c) We refer to the ability of the TCR to distinguish between structurally unrelated peptides as ‘antigen specificity’ and the
ability of the TCR to distinguish between structurally similar peptides (such as altered peptide ligands, in this case, of SIY) as ‘fine specificity’.
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leading to outcomes that can involve T-cell selection in
the thymus or full peripheral T-cell responsiveness or
homeostatic T-cell proliferation in the periphery. The
processes are even more complicated because the same
TCR could interact with multiple pepMHC ligands on
the same antigen-presenting cell, each with heterogeneous
binding properties. These reactions would result in a
complex integration of signals that ultimately determine
the nature of the T-cell response. While there have been
numerous studies to elucidate the precise binding param-
eters that correlate with different T-cell activities, various
questions remain unanswered (in part because of the
technical difficulties associated with performing binding
experiments on low-affinity reactions). Further under-
standing of the TCR binding properties that generate
defined signals is important, not only from a basic science
perspective but also toward developing optimal strategies
that improve T-cell responses to foreign antigens and
tumour antigens.
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